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Abstract. We present results of the 18 August 2002 ﬂare
analysis as an example for developing a diagnostic tool for
thermal and non-thermal processes in chromospheric lines.
Taking into account the hard X-ray (HXR) emission, we at-
tempted to derive the Hα and Hβ line properties which were
caused by the non-thermal electron contribution and could
be useful for diagnostic purposes. The ﬂare itself was a se-
quence of harder and softer bursts in HXR and we investi-
gated three ﬂare kernels associated with them. Two of the
kernels appeared simultaneously. This phase of the ﬂare
could be observed in a broad band of wavelengths (HXR,
UV, optical and microwaves). Kernel 1 did not clearly coin-
cide with any HXR source but its intensity increased with the
HXR ﬂux rise. The ﬂare kernel 3 did not show any signiﬁ-
cant response in microwaves, however, the related HXR ﬂux
was comparable with the ﬂux of the previous kernels. We
carried out an analysis of the difference between the Hα/Hβ
proﬁle rate in the line center at the distance of 0.5 ˚ A from the
line center. Only kernel 2 showed parameter ﬂuctuations that
were related to HXR ﬂux evolution. The supposition of the
non-thermal electron effect on the Hα/Hβ proﬁle ratio was
conﬁrmed only at the kernel connected with the 25–50keV
HXR source. We found further conﬁrmation that the Hα/Hβ
line intensity ratio could be used as a diagnostic tool for non-
thermal electron presence.
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1 Introduction
The energy storage, release and transport are still hot and
enigmatic problems of solar physics. Nowadays, it is ac-
cepted that the solar ﬂare energy is initially released in the
corona and then transported by various means from the pri-
mary release site to the chromosphere. However, the role
of denser chromospheric layers, where most of the ﬂare en-
ergy is dissipated radiatively, is not minor but quite a sub-
stantial one (Heinzel, 2003; Hudson, 2007). Therefore, the
understanding of the energy release/transport mechanisms in
solar ﬂares is closely connected with the lower atmosphere
response. The accelerated or non-thermal particle beams are
thefastestandmosteffectivetransportationagents. Thepres-
ence of accelerated particles in solar ﬂares is without any
doubts. However, a deﬁnite mechanism of their effect on the
solar atmosphere has not been accepted yet.
It is well known that the different parts of line proﬁles are
formed in different layers of the solar atmosphere. Presence
of non-thermal electron beams should result to a shift of the
energy release maximum to deeper layers of the chromo-
sphere, as compared to the thermal mechanism effect. In
Kobylinskij and Zharkova (1996) calculations of radiative
energy losses for the Balmer lines are given. A comparison
of energy release distribution according to atmospheric den-
sity shows that in the case of a non-thermal electron beam
the maximum energy release is shifted to layers with higher
density. Nowadays, it is generally accepted that the density
in solar atmosphere is not uniformly stratiﬁed; therefore, the
position of the maximum energy release will depend on the
atmosphere structure in a particular active region. The inﬂu-
ence of this effect of non-thermal particle beams was inves-
tigated in Kaˇ sparov´ a and Heinzel (2002), where the intensity
ratios of Balmer series were calculated. The authors con-
sidered the intensity ratio at 0.4 ˚ A from the Hα line center
and revealed a difference in cases of the thermal excitation
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Fig. 1. Temporal evolution of the hard X-ray ﬂux obtained by
RHESSI and HXRS. The RHESSI data were transformed to HXRS
energy bands. Edges of the three intervals covered by the MFS ob-
servations are marked by vertical dotted lines.
and of a non-thermal beam effect on ambient plasma. An in-
jection of non-thermal electrons results in a depression of the
ratio value in comparison with calculations without inclusion
of the non-thermal collision rates. The deeper depression is
caused by the beam with a harder power index and/or greater
ﬂux.
WeanalyzedthetheoreticalratioproﬁleusedinKaˇ sparov´ a
and Heinzel (2002) and found that the predicted effect is
seen not only at 0.4 ˚ A but for the whole line ratio proﬁle
(Kashapova et al., 2005). Moreover, according to the cal-
culated ratio proﬁles the maximum effect should be seen not
at 0.4 ˚ A but at about 0.7 ˚ A from the line center. In Kashapova
et al. (2005) the ﬂare on 26 June 1999 was examined for
the effect predicted in Kaˇ sparov´ a and Heinzel (2002) and
Kobylinskij and Zharkova (1996). The ﬂare consisted of sev-
eral kernels but only one of them coincided spatially with
the HXR source (22.7–32.7keV) and it deﬁnitely appeared
as a result of the accelerated electron beam effect. In the
kernel identiﬁed with the HXR source position we found
that the proﬁles of the Hα/Hβ line ratio displayed a pecu-
liar pattern. Its shape was rather ﬂat in the line center but
with bumps in the wings. It was very similar to the theoreti-
cally predicted one (Kaˇ sparov´ a and Heinzel, 2002) and it was
called “sidelobes” (Kashapova et al., 2005). Certainly, the
“sidelobes” effect could be caused not only by non-thermal
electron beams. A plasma motion during the ﬂare, a pecu-
liar compact atmospheric density stratiﬁcation and the other
thermal-based reasons were able to produce the same line ra-
tio proﬁles. Since we detected the “sidelobes” effect only in
the kernel associated HXR source and thus with the accel-
erated particle injection, we attribute it as a consequence of
non-thermal mechanisms. Positions of the “sidelobes” max-
ima were detected at ±0.5 ˚ A from the line center and thus
they differed slightly from the predicted ones. Such a dis-
agreement could be caused by a difference between the at-
mospheric density distribution in the theoretical model used
and in the particular active region. Therefore, the analysis of
the ratio of Balmer lines based on the results obtained by
Kobylinskij and Zharkova (1996), Kaˇ sparov´ a and Heinzel
(2002) and the ﬁrst observational conﬁrmation (Kashapova
et al., 2005), could be a diagnostic tool for non-thermal elec-
trons.
We chose the 18 August 2002 ﬂare analysis as an exam-
ple of thermal and non-thermal processes in chromospheric
lines for several reasons. The aim of our study is to analyze
properties of chromospheric lines which were inﬂuenced by
the non-thermal electrons and could be useful for diagnostic
purposes. The available ﬂare observations embraced a wide
range of electromagnetic spectrum, including the hard X-ray
(HXR) and radio emission, which are very important for the
non-thermal particle detection. The HXR ﬂux energies were
not higher than 100keV and this ﬂare was softer than the
ﬂare studied earlier. But in this case we had the possibility to
investigate several HXR peaks and try to reveal changes we
were interested in.
The studied ﬂare was a sequence of harder and softer
bursts in HXR and we analyzed two of them. We also
studied the chromospheric lines during the rising phase of
the HXR burst with energy up to 100keV which was con-
nected to a powerful Hα emission with extended chromo-
spheric line wings. For analysis we used the parameters ex-
amined in a previous publication (Kashapova et al., 2007).
When RHESSI interrupted observation, a subsequent HXR
peak was registered by the Czech Hard X-Ray Spectrometer
(HXRS). Thus, we took into account the possible inﬂuence
of the two preceding harder HXR bursts and the effect of the
subsequent HXR ﬂux on the evolution of the chromospheric
emission. Wealsotriedtofollowthepossiblescenarioforthe
ﬂare energy release/transport based on the UV and HXR ob-
servations and information on the magnetic ﬁeld. The results
are discussed both from their observational and theoretical
aspects.
2 Observations and data reduction
The ﬂare occurred on 18 August 2002, at 09:50–10:59UT,
(maximum at 10:05UT) when the active region (AR)
NOAA 10069 crossed the central meridian (S09, W13). Ac-
cordingtotheSolarGeophysicalData(SGD)itwasof1Fim-
portance in the Hα-line and of M2.3 according to GOES. The
X-ray observations of GOES–8 registered an emission from
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Fig. 2. The MFS observation of the ﬂare kernels 1 and 2 taken at
09:56:30UT when the ﬁrst X-ray peak was observed. The image is
composed of Hβ, Hα, and the infrared CaII spectrograms and Hα
ﬁltergram (the second section from the left, where North is up and
West to the right). Notice that the Hα emission proﬁles were still
rather narrow.
Fig. 3. The MFS composed observation of the two ﬂare kernels at
10:01:24UT – during the second rise of the X-ray. We notice quite
a substantial broadening of the Hα emission proﬁles in the kernel.
09:54UT to 10:09UT with a maximum at 10:05UT. We also
had at our disposal the hard X-rays’ data from RHESSI (Lin
et al., 2002) and HXRS (F´ arn´ ık et al., 2001), UV 195 ˚ A im-
ages obtained by TRACE (Handy et al., 1999), continuum
and magnetic ﬁeld images obtained by SOHO/MDI (Scher-
rer et al., 1995), and microwave ﬂux from Radio Solar Tele-
scopeNetworkdatabase(RSTN).RHESSIinterrupteditsob-
servations at 10:01UT by entering the Earth’s shadow. For-
tunately, practically at the right time (09:58UT), the HXRS
began observations. A combination of the data allows us to
follow the HXR ﬂux during the ﬂare (Fig. 1) and to localize
the HXR sources for the phase that started at about 09:59UT.
We observed the optical ﬂare spectra in Hα, Hβ and the
infrared CaII lines and also took simultaneous Hα slit-jaw
images by the Ondˇ rejov Multichannel Flare Spectrograph
(MFS). This horizontal optical instrument enabled one to
obtain simultaneous spectra in several lines with a theo-
Fig. 4. The MFS composed observation of the two ﬂare kernels
at 10:04:19UT – during the third rise of the X-ray. Hα emission
proﬁles became a standard form again.
Fig. 5. The Hα slit-jaw image at 09:57:45UT overlaid by the MDI
continuum spots and the HXR sources reconstructed in 09:56:31–
09:56:52UT.
retical spatial resolution of 1 arcsec, but more practically,
of 3 arcsec, due to observation degradation for the ﬂare in
question. The spectral resolution was about 40m˚ A in Hα,
while in Hβ it was about 30m˚ A and in the infrared CaII
line it was 50m˚ A. The temporal resolution was given by
the video-camera detectors, i.e. 25 frames per second. The
device was described by Valn´ ıˇ cek et al. (1959) and Kotrˇ c
(1997). According to observations in the HXR, the ﬂare
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Fig. 6. Top: Hα/Hβ ratio proﬁles at 09:56:45UT for kernel 1
(green) and kernel 2 (orange). Bottom: MFS image composed of
Hα spectrum, Hα slit-jaw and Hβ spectrum. The locations of ker-
nels are marked by corresponding colors.
consisted of a sequence of events. Periods for which we
have the continuous optical spectra observations are marked
in the HXR temporal evolution chart in Fig. 1. The com-
posed spectra and slit-jaw data registered on video cameras
were digitized with a cadency 1 frame per 5s. The conclu-
sions made by Heinzel (2003) and comparison of the ob-
servational data and results of the theoretical simulations in
Zharkova et al. (2007) argued that such a temporal sampling
wouldbequitesatisfactory. Duetothedetectorpropertiesthe
spectra were calibrated and treated individually to remove
all important instrumental effects. For the reduction of the
video-camera spectra concerning dispersion and intensity re-
lations, the codes available at http://www.asu.cas.cz/∼pkotrc/
SOFTWARE/software.html were used.
Typical optical spectra and Hα slit-jaw images for differ-
ent moments of the ﬂare can be seen in Figs. 2–4. They con-
sist (from left to right) of the Hβ spectrum, Hα ﬁltergram
from the slit jaws, and Hα and the infrared CaII line spec-
tra. All the image parts were obtained simultaneously. The
infrared CaII line emission was too faint for a clear detection
of any effect; therefore, we did not use it in the analysis. In
order to ﬁx the coordinate system of the studying region, we
used SOHO/MDI intensitygrams and achieved the accuracy
of the heliographic coordinates in about 2 arcseconds (see
results in Fig. 5).
We are able to distinguish between three kernels. The
ﬁrst two kernels appeared in the period from 09:56UT to
10:10UT. As can be seen in Figs. 2–4, their shape hardly
Fig. 7. Temporal evolution of hard X-ray ﬂux from RHESSI and
the Hα-line center intensity of the kernels. The vertical dashed lines
mark the beginning and end of the HXR burst.
changed during this phase of the ﬂare. But the Hα/Hβ ratio
proﬁles showed different shapes (Fig. 6). Only kernel 2 (or-
ange color), which was closely connected to the 25–50keV
HXR source, showed the “sidelobes”. Besides a comparison
of the Hα-line center emission evolution in the kernels with
the HXR ﬂux (Figs. 7 and 9), we tried to ﬁnd a method to
trace the “sidelobes” effect evolution. For this purpose the
difference between the Hα/Hβ rate in the line center and at
the distance of 0.5 ˚ A from the line center were calculated. So
the positive value of this parameter could mean that the rate
proﬁles had a “thermal” form, the negative – a “non-thermal
form” (Figs. 8 and 10).
The third kernel is shown at Fig. 3 (towards the southwest
from the central spot). Its emission maximum coincided with
the ﬂare maximum (Fig. 4). The Hα image section was tem-
poraly broadened in order to detect all the extremely wide
line-wings. Therefore, the infrared CaII line observations
(Fig. 12) were missing for the third kernel. Due to absence
of RHESSI data for this phase, we were not able to local-
ize the HXR sources and to analyze the HXR spectrum. We
compared the optical data only with the HXR ﬂux variations
(Fig. 11).
3 Discussion
Two bright ﬂare ribbons visible in Hα were visible in the ﬁrst
phase of the ﬂare (Fig. 5). We investigated the evolution of
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Fig. 8. Temporal evolution of HXR from RHESSI and the differ-
ence between the Hα/Hβ ratio values in the line center and at the
distance 0.5 ˚ A from the line centre. The vertical dashed lines mark
the beginning and end of the HXR burst.
kernel 1 belonging to the southern ribbon (nearby the spot),
and kernel 2 connected to the northern ribbon. The ﬂare ker-
nel 3 originated at 10:04UT on the opposite side of the spot
(Fig. 4 and the bottom panel on Fig. 12). The RHESSI data
allowed us to reconstruct the HXR sources by the PIXON al-
gorithm for the two ﬁrst moments of observations and com-
pare the HXR source locations with the location of kernels 1
and 2 and UV 195 ˚ A images obtained by TRACE (Fig. 13).
We also carried out a study of HXR spectra for these two
periods using the RHESSI software. The ﬁtting by the ther-
mal model agrees only with the observed HXR photon en-
ergy spectra up to 20keV for both periods. The power law
energyspectra(connectedwithavelocitydistributionofnon-
thermal electrons) deﬁnedwell the HXRphoton energyspec-
tra between 20 and 100keV, with the spectral index value of
about 6. The single power law also ﬁtted well the HXR spec-
tra from 3 to 100keV but with the spectral index equal to
6.6. We can carry out a more detailed analysis of the photon
energy spectra but from the obtained results it is obvious that
the non-thermal electrons were present in the ﬂare.
Flare kernel 1 and kernel 2 (the bottom panel on Fig. 6)
were observed in a broad region of wavelength from HXR
and optical to microwaves. The 6–12keV HXR source at
09:56:47UT looks like a composition of two loops whose
footpoints coincided with the 25–50keV HXR sources
(Fig. 13, left panel).The HXR sources became more com-
pact in time and they were localized close to the kernel 2.
Fig. 9. Temporal evolution of HXR obtained by HXRS and the Hα-
line center intensity of the kernels. The dash-dotted vertical green
line shows the moment of missing MFS observations.
Concerning kernel 3, it did not show any signiﬁcant response
in microwaves while the related HXR ﬂux was comparable
with the ﬂux of the previous kernels (Fig. 11). On the other
hand, the emission in the optical spectra in kernel 3 was even
more powerful (as can be seen in Fig. 3). It seems that the
observed difference can be caused by the lower location of
the initial energy-release site for kernel 3 (the density dis-
tribution was more compact) or a weak electron ﬂux which
gradually arrived from a remote energy release source con-
nected to kernels 1 and 2. We would need a long loop to
connect kernel 3 with the HXR sources. MDI magnetograms
give us such a theoretical possibility but we do not see any
loop like that at the available UV images.
As can be seen in Fig. 6, the ratio in kernel 2 shows a
clear “sidelobes” shape. The rise of its intensity from 09:56
until 09:58UT is in good agreement with the HXR ﬂux in-
crease and its location coincides with the HXR sources in
6–12keV and 25–50keV. The other analyzed period of the
kernel 2 evolution started at 10:01UT. The Hα-line center
intensity also followed the HXR ﬂux but did not demon-
strate the same good agreement with the HXR ﬂux evolution
(Fig. 9). Kernel 1 did not coincide with any HXR source.
While the 6–12keV HXR source was located close to ker-
nel 1 at 09:56UT, the HXR source became more compact
and coincided with kernel 2 only at 10:01UT.
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Fig. 10. Temporal evolution of HXR from HXRS and the difference
betweentheHα/Hβ ratiovaluesinthelinecenterandatthedistance
0.5 ˚ Afromthelinecenter. Thedash-dottedverticalgreenlineshows
the moment of missing MFS observations.
Fig. 11. Temporal evolution of HXR obtained by HXRS and Hα-
line center intensity of the kernels.
Fig. 12. Top: left – Hα/Hβ ratio proﬁles for kernel 3 at
10:06:00UT. Right – Hα (orange solid line) and Hβ (light green-
blue solid line) proﬁles at the position marked at the bottom com-
posed picture. Intensity of each line is related to the local contin-
uum.
The behavior of the proﬁle rate difference deserves a spe-
cial attention. The difference in kernel 1 is mostly positive
but the difference in kernel 2 changes from negative to posi-
tive values after the next HXR peak. We would like to point
out some moments when the ratio difference in kernel 2 be-
came positive. This could be a result of a gas-dynamic pro-
cess that affects temporally the heating of the upper layers.
All parameters corresponding to the non-thermal electron ef-
fects (both “classical” (Heinzel, 2003) and those suggested
in Kashapova et al. (2007) were found in kernel 2.
Evolution visible in UV images overlayed by contours of
Hα emission and HXR sources (shown on Fig. 13) conﬁrms
the possible existence of two loops. We would like to point
out the small loop located within kernel 2, which is clearly
distinguished in the Fig. 13 (right panel). It is associated
with a footpoint marked by a 25–50keV HXR source in the
left panel. Most possibly, the energy release source was lo-
cated in this place. The second loop connected kernels 1 and
2. This loop is well ﬁtted by a 6–12keV HXR source seen in
the left panel (Fig. 13). On the right panel of Fig. 13, we can
also see a third loop coming from kernel 2 but it wasn’t con-
nected with any HXR source. So, it is very probable that just
the second loop interlinked kernel 1 with the energy release
source and it was used for a electron ﬂux transport. Possi-
bly, the cutoff energy of the electron ﬂux was up to 25keV.
Obviously, this energy is enough to excite emission in the
Hα-line center but not enough to penetrate into deep layers
of the chromosphere.
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Fig. 13. UV 195 ˚ A by TRACE is overlaid by HXR sources and the Hα emission ribbons marked by orange contours at 09:56:47UT (left
panel) and 10:01:02UT.
4 Conclusions
Based on the analysis carried out we can conclude:
– The analysis of the difference between the Hα/Hβ pro-
ﬁle rate in the line center and at the distance of 0.5 ˚ A
from the line center revealed that kernel 1 and kernel 2
evolved in different ways. Kernel 1 stably demonstrated
the ratio excess in the line center while kernel 2 showed
ﬂuctuations of this parameter.
– Hypotheses of non-thermal electron effect on the
Hα/Hβ proﬁle ratio shape was conﬁrmed by observa-
tion of kernels 2, in spite of the soft spectral index of
the electron ﬂux.
– Kernel 1 didn’t clearly coincide with the HXR sources
but its Hα intensity could follow the HXR growth.
– We found a further conﬁrmation that the Hα/Hβ line
intensityratiocouldbeusedasadiagnostictoolfornon-
thermal electron presence.
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